Analytical solutions of the viscous gas equations are applied to model velocity and temperature fields in a vortex combustor with volume-distributed oxidation. The solutions show that swirl generates high-speed meridional circulation, which occupies around 2/3 of the combustor volume and serves as a flame holder and a double mixer. It is found that particle trajectories have double-spiral geometry in both the circulation and flow-through regions. The particle residence time is larger by an order of magnitude than the mixing time. In addition to the internal circulation, the external recirculation of a share of the flue gas is analyzed. Consideration of the mass and energy balance reveals the optimal share value. A proof-of-concept experiment confirms the modeling predictions.
INTRODUCTION
Development of future propulsion systems and energy generators requires advanced combustors for stable and complete fuel burning with no harmful emission. In such combustors, volume-distributed oxidation can provide efficient burning of a hydrocarbon fuel in a wide range of oxygen concentrations at temperatures around 1000 o C (Tsui et al., 2003) . At this temperature, nitrogen practically does not oxide while carbon monoxide is burnt. Therefore, harmful emissions are drastically reduced. Volume-distributed oxidation occurs if all combustion components are well mixed and preheated. To satisfy these requirements, a flow must be properly organized inside a combustor chamber. Swirling flows having recirculation regions are suitable to this goal. They are used to stabilize the flame and to preheat combustion components upstream. Despite these and many other applications, little is known about the fundamentals of velocity distribution and heat transfer in swirling flows.
Although the effects of swirl have been observed, synthesizing experimental data has proven difficult. Reasons are the large number of control parameters and the swirling flows' sensitivity to variations of the control parameters and external disturbances. An empirical search for optimal parameters of combustion is not efficient. Numerical simulations suffer from similar limitations and from the additional technical difficulties related to swirling turbulent flows with circulation regions.
Analytical solutions are useful for (i) clear understanding of the mechanism of the influence of swirl on combustion, (ii) detailed investigation over a wide range of control parameters, and (iii) optimization for a particular problem. Obtaining analytical solutions for complex flows of a viscous gas is a challenge. Fortunately, there are a few examples of analytical solutions describing swirling flow that are helpful for combustion modeling. A five-parameter solution of the Navier-Stokes equations was developed modeling jetlike flows with up to seven circulatory regions (Shtern et al., 1997) . Solutions of the energy equation were obtained that simulate temperature distributions in viscous jets with strong swirl (Shtern et al., 2008) . These solutions were further advanced to describe three-dimensional distributions of temperature and species concentrations (Borisov et al., 1998) . One of these solutions was applied to model the flow pattern with the circulatory region, shape, and position of the flame front, and geometry of the ABB manufactured burner (Borisov et al., 1998) . However, solutions (Shtern et al., 1997 Borisov et al., 1998) are limited to jetlike flows.
Here, another analytical approach is developed to model velocity and temperature distributions in a cylindrical chamber where a tangential inflow of a fluid induces swirl and the meridional circulation. The solution obtained is applied to model a flow in a combustor where the volume-distributed oxidizing occurs with no flame front.
SCHEMATIC OF A VORTEX COMBUSTION CHAMBER
Consider the vortex burner (Jirnov and Jirnov, 1998) used and further developed in General Vortex Energy, Inc. This burner is referred to below as the GVE combustor. Figure 1 depicts a schematic of the simplest version of the GVE main combustion chamber; (a) is a meridional cross section and (b) is an axial cross section at the entrance. Pressurized air enters the chamber through tangential inlet 1, a liquid fuel is injected through atomizing nozzle 2, and the flue gas leaves the chamber through exhaust tube 3. We use cylindrical coordinates {r, θ, z}.
Entering tangentially, the airflow generates a swirling motion in the combustion chamber interior volume. Since the incoming flow temperature is less than that inside the chamber, the centrifugal force pushes the higher-density air toward the sidewall. Therefore, the airflow is forced to go along the sidewall from the exhaust end wall to the chamber dead end. During this motion, the incoming air is heated up due to mixing with the flue gas moving inside the chamber.
Fuel droplets injected by the atomizing nozzle enter the flue gas region. The centrifugal force drives the droplets toward the sidewall. When the droplets fly toward the sidewall, they are heated up by the flue gas and evaporate. As the preheated air and fuel meet near the sidewall, combustion starts. The resulting overheated combustion products go toward the axis driven by the centrifugal buoyancy. These fresh combustion products mix with and heat up the flue gas in the circulatory region. A part of the flue gas goes along the axis to the exhaust pipe, and the rest flue gas remains circulating inside the chamber. An important driving mechanism of the flow in the chamber is the centrifugal convection, as explained below.
CENTRIFUGAL CONVECTION MECHANISM
The centrifugal thermal convection is similar to the gravitational thermal convection sketched in Figure 2a . Consider a fluid layer in a container with its one sidewall heated up and the opposite sidewall cooled down. Near the cold sidewall, the fluid is cooled, its density increases, and gravity drives the fluid down. This higher-density fluid flows near the bottom to the hot sidewall. Near the hot sidewall, the fluid is heated, its density decreases, and buoyancy drives the fluid up. The lower-density fluid flows near the surface to the cold sidewall. This results in FIGURE 1 Combustion chamber schematic. a circulatory flow, schematically shown by the closed curve with the arrow indicating the motion direction in Figure 2a ; g is the gravity acceleration. A similar flow is the thermal convection of a fluid in a rotating cylindrical container sketched in Figure 2b .
The cylinder rotates around its symmetry axis depicted by the dot-dash line in Figure 2b ; this results in the centrifugal acceleration gc. Allow that one end wall is hot and the opposite end wall is cold. Near the cold end wall, the fluid is cooled down, its density increases, and the centrifugal force drives the fluid to the sidewall. This higher-density fluid flows near the sidewall to the hot end wall. Near the hot end wall, the fluid is heated up, its density decreases, and centrifugal buoyancy drives the fluid to the axis. The lower-density fluid flows near the axis to the cold end wall. This results in a circulatory flow, schematically shown by the closed curve with the arrow indicating the motion direction in Figure 2b . This is the centrifugal convection.
We see that that the centrifugal and gravitational convections are analogous. An important difference is that the gravitational convection typically is a slow motion in technological devices. The Mach number, Ma, which is the ratio of the maximum flow velocity to sonic velocity, is small, Ma << 1. In contrast, the centrifugal convection is a high-speed flow, Ma ≤ 1, in many applications, e.g., in vortex tubes, where g c can be a million times g! In the GVE combustor, the inlet swirl velocity v θm is around 200 m/s, and the inner radius of the combustion chamber R cc = 0.07 m; therefore, g c = v θm 2 /R cc = 5,700,000 m 2 /s, i.e., g c is "only" 57,000 times g. This large value of g c results in the high-speed meridional circulation, even at moderate values of the axial temperature gradient in the GVE combustor.
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A. BORISSOV AND V. SHTERN Although the GVE combustion chamber does not rotate, there are the axial temperature gradient and swirl -both the features sufficient to drive the centrifugal convection. Neglecting viscous friction and a boundary layer where the swirl velocity drops down to zero at the wall, we idealize that swirl is solid-body type in the entire interior volume of the combustion chamber: v θ = v θm y, y = r/R cc . This allows us to incorporate the analytical solution (Shtern et al., 2001) for modeling the meri-dional flow in the GVE combustion chamber.
THE CORE FLOW
Away from the end walls, the centrifugal convection flow is one dimensional with the radial velocity v r = 0 and the axial velocity depending only on the radial coordinate,
where vz m is the maximum value of the axial velocity. sity. Under the condition that ρ is r independent, i.e., under the Boussinesq approximation, the integration yields that
Now we take into account the end-wall and inlet-outlet effects.
THE FLOW MODELING NEAR END WALLS
Near the dead-end and entrance-exit end walls, see Figure 1a , the flow depends not only on the radial coordinate as the core flow does, but on the axial and angular (near the entrance) coordinates as well. To simulate this flow in details requires a computational fluid dynamics (CFD) technique. Note that even the CFD simulation is questionable because the flow is swirling, circulatory, and high speed; its Reynolds number is around 10 6 .
Fortunately, some key features of the flow can be modeled with the help of a simple analytical approximation. Although the approximation we apply is not too precise, it seems appropriate to reveal the particle trajectory geometry and to estimate the particle residence time, which is our primary goal here. Using an analytical approximation, we modify the core solution to satisfy the boundary conditions in the end-wall regions. As the first step, we estimate the axial extent of these regions.
Following (Shtern et al., 2001) , we approximate the Stokes stream function Ψ(y, z) as a product: Ψ = Ψ core (y)Φ(z), where Ψ core is the core solution (2), Φ is a function to find, and z is the dimensionless axial coordinate scaled by R cc . The governing equation for Ψ is ΔΔΨ = f(y), where Δ is the Laplace operator and f(y) is proportional to the centrifugal acceleration. Substituting Ψ = Ψ core (y)Φ(z) in ΔΔΨ = f(y) and integrating with respect to y from 0 to 1 yields the ordinary differential equation (Shtern et al., 2001) ,
where the prime denotes differentiation with respect to z. This equation has a particular solution, Φ = 1, which corresponds to the core flow. Other solutions must satisfy the uniform equation,
having an exponential solution, exp (λz), where λ is a root of the polynomial
There are four roots of (3c) differing only by signs of the real λ r and imaginary λ i parts, e.g., λ 1 = 4.24 + 2.45i. The general solution of (3a) is
, where k (=1, 2, 3, 4) is the root index and Σ denotes summing with respect to k. Coefficients A k should be adjusted to satisfy the boundary conditions at the end walls. Here, the boundary conditions include the flow entrance and exit, absent in (Shtern et al., 2001) . To ease the solution adjustment, we utilize only the value λ r = 4.24 that determines the length scale, 1/λ r , of the near-end-wall regions. Note that Ψ core has the second-order zero at the sidewall, y = 1, and Ψ must have the second-order zero at the dead-end wall, z = -l, as well as to satisfy the no-slip condition, v r = v z = 0. Here, l = 1 ⁄2L cc ⁄ R cc is the length/diameter ratio of the interior volume of the GVE combustion chamber. We place the coordinate origin at the chamber center so that its axial extent is -l < z < l.
To satisfy the boundary condition at z = -l, consider the function
]. This function and its derivative with respect to z are both zero at z = -l. As z increases, and l + z becomes larger than 1/λ r , tan h[λ r 2 (l + z) 2 ] rapidly tends to 1 and Ψ 1 tends to Ψ core . Therefore, Ψ 1 approximates the flow both in the core and near the dead-end wall. For the flow near the entrance and the exhaust, we also use an axisymmetric approximation. At z = l, the Stokes stream function is taken to be the same as in the core region across the exhaust orifice (see Fig. 1a ) and to be constant at the end wall, Ψ ex (y) = Ψ core (y) for 0 ≤ y ≤ y ex and Ψ ex (y) = Ψ core (y ex ) for y ex ≤ y ≤ 1 at z = l.
Here, y ex is the dimensionless radius of the exhaust orifice and Ψ core (y ex ) is the mass flow rate of the flue gas leaving the combustion chamber. Moving from the end wall through the entrance orifice (see Fig. 1a ), we should have the Stokes stream function decreasing from Ψ core (y ex ) to zero at the sidewall. To this end, we apply the approximation,
Figure 4 depicts approximation (4) by showing streamlines, Ψ = constant, of the meridional motion in the combustion chamber (compare with the schematic in Fig. 1a) . In Figure 4 , y ex = 0.257 and l = 1.95; these values correspond to the GVE combustion chamber dimensions.
THE MERIDIONAL CIRCULATION
We see that the circulatory flow occupies a large portion of the chamber volume. To find a numerical value of this portion, consider the Stokes stream function distribution in the flow core, specifically Q(y) from (2), depicted in Figure 5 . The vertical line y = y ex corresponds to the near-axis boundary of the circulation region in Figure 4 . The flow leaving the chamber has dimensionless mass flow rate Q(y ex ) and occupies the region 0 ≤ y < y ex .
We neglect here the fuel contribution to the mass flow rate, since its share is small (1/30), and take the mass flow rate of the incoming air to be equal to that of the leaving flue gas. This corresponds to the horizontal line in Figure 5 and yields y in as a root of the equation Q(y ex ) = y in 2 (1 -y in 2 ) 2 /2. Among four roots of this equation different from y in = ±y ex , only one is a positive number less than 1, i.e., physically meaningful: y in = 0.857. The line y = y in corresponds to the inner boundary of the inflow region y in < y < 1 in Figure 4 . The inflow share of the cross-sectional area is 1 -y in 2 = 0.266, the flow-out share is y ex 2 = 0.066, and the rest, 1 -y ex 2 + y in 2 = 0.668, is the share of the circulatory motion. Thus, the meridional circulation occupies around 2/3 of the combustion chamber interior volume! To estimate the mass flow rate of the meridional circulation in Figure 4 , we use Q(y) and Figure 5 . The flow through has the dimensionless mass rate Q(y ex ) = Q(y in ) = 0.0288. The maximum value, Q max = 0.074 (see Fig. 5 ), corresponds to the mass rate for the part of the total flow going toward the exhaust (or in the opposite direction) in the core region. Therefore, the mass flow rate of the part of the circulation going to the exhaust is Q c = Q max -Q(y ex ) = 0.0452, and the recirculation ratio is r r = Q c /Q(y ex ) = 1.57. We see that the mass flow rate of the circulation significantly exceeds that of the flow through! These large volume and mass shares of the circulatory flow are beneficial for combustion applications. The large-scale, massive, and high-speed circulatory zone transports upstream a lot of heat and thus stabilizes the volume-distributed oxidation. It is capable to rapidly heat up the incoming air up to the flue gas temperature. Since the incoming air has a lower temperature than that of the flue gas, the centrifugal force due to swirl pushes this high-density air to the sidewall and thus prevents a shortcut air passage to the exhaust orifice. In addition, the circulatory flow helps lock the shortcut because the circulation goes away from the exhaust near the entrance as Figure 4 illustrates. One more favorable feature of the circulatory flow is that it provides fast and fine mixing of all species involved in combustion. To illustrate this feature in more detail, consider particle trajectories.
PARTICLE TRAJECTORIES
As the Stokes stream function Ψ is determined, the velocity components of the meridional motion are v z = (2πρr) -1 ∂Ψ/∂r and v r = -(2πρr) -1 ∂Ψ/∂z. A trajectory of an individual particle follows from integrating the ordinary differential system,
where ω = v θm /R cc is the angular velocity of revolution around the z-axis. Next, we make all variables dimensionless in (5a) using R cc as a length scale and t sc = ρπR cc 2 L cc /Ψ core (y ex ) as a time scale; Ψ core (y ex ) is the exhaust mass flow rate [Ψ core (y ex ) = 0.03 kg/s and t sc = 0.0447s in the GVE combustor]. This transforms (5a) into
where
Integrating (5b) from t = 0 with θ = 0 and some initial values, z = z 0 and y = y 0 , gives a particle trajectory. In the following examples, we use z 0 = 0, i.e., start integrating in the core region.
To illustrate the character of particle motion in the combustion chamber, we depict a few trajectories in the circulation and flow-through regions, Figure 6 . The trajectories show both the meridional motion and the revolution around the z-axis. The revolution time, t rev = 2π/α a , is the same for all z 0 and y 0 due to the solid body type of swirl.
The trajectories (a), (b), and (c) are for particles located inside the circulation region. In more detail, trajectory (a) is for a particle moving close to the center of the circulation region (see the inner closed curve in Fig. 4 ) with y 0 = 0.65. closed. The reason is that their θ values for the starting and finishing points are different because the ratio t ret /t rev is not an integer for these trajectories. The trajectories (d) and (e) in Figure 6 are for particles located inside the flow-through region. In more detail, trajectory (d) with y 0 = 0.857 is for particle moving close to the circulation region, and trajectory (e) with y 0 = 0.98 is for a particle moving close initially to the sidewall and then to the axis.
All the trajectories in Figure 6 have double-spiral geometry; the outer spiral is closer to the sidewall, while the inner spiral is closer to the axis. This doublespiral motion of particles is an important feature for combustion applications. Such a wavy and counterflow motion results in the fast mixing of air, fuel, and flue gas in the entire interior of the combustion chamber. Moreover, a counterflow with an inflection point in the velocity profile, such as that shown in Figure 3 , is subject to shear-layer instability. This instability results in the development of intense turbulence for the high Reynolds numbers typical of combustors. Turbulence provides fine mixing in addition to the large-scale mixing by the averaged doublespiral trajectories. The rapid and fine mixing tends to make the temperature distribution uniform as well. These features are favorable for stable volume-distributed oxidation. Figure 6 illustrates one more important feature. Comparison of trajectories (d) and (e) reveals that a particle moving close to the sidewall, (e), makes more revolutions around the axis than the particle remote from the sidewall, (d). Therefore, a particle close to the sidewall has a larger residence time in the combustor than that remote from the sidewall. Since centrifugal force pushes the colder particles closer to the sidewall than the hotter ones, the cold particles have more time to be heated up. The cold particles slowly move near the sidewall until they are heated up by the hot sidewall, mixing with the flue gas, and finally by combustion. Trajectory (e) in Figure 6 , which is typical for initially cold particles, shows that a cold particle makes 19 revolutions from a total of 21, i.e., spends more than 90% of its residence time, when it moves along the sidewall and near the end wall. The particle flight along the axis takes less than 10% of its residence time.
PARTICLE RESIDENCE TIME
The residence time t res , which is the time between a particle entering and leaving the chamber, is an important characteristic. It must well exceed both the mixing and combustion times for proper mixing and complete combustion to occur. Figure 7 shows the dependence of t res on particle location in the flow through, i.e., for y 0 > 0.856, to the right of the vertical line. To the left of the vertical line, y 0 ≤ 0.856, Figure 7 shows the dependence of the return time tret on particle location in the circulation region. The return time t ret is one period of the meridional circulation along a closed curve in Figure 4 . Thus, t ret characterizes how fast the meridional circulation occurs.
The residence time tends to infinity as y 0 approaches 1. The reason is that the axial velocity v z tends to zero at the sidewall (Fig. 3 ). Therefore, a particle moves up very slowly in the sidewall vicinity. This fact is favorable for entire and stable combustion. The smallest residence time, t res = 0.466, corresponds to a particle moving near the boundary of the circulatory zone, y 0 = 0.856. Figure 7 shows dimensionless values. To obtain the dimensionless time value t res must be multiplied by t sc . (The smallest physical residence time is 0.021s in the GVE combustor.)
The minimal residence time is indeed larger than the above estimate because a particle flowing to the exit can be shifted by a turbulent pulsation into the circulatory region and thus can make a few turns around before leaving the chamber. Therefore, turbulent migration can significantly increase the resident time.
A particle located inside the circulation region does not leave the chamber unless a turbulent pulsation shifts the particle into the flow through. Only the averaged motion is modeled here, so the particle exchange between the circulating and passing-through flows is out of our simulation. However, our modeling allows us to estimate the circulation speed, characterized by the return time t ret .
At y 0 = 0.856, t ret = t res ; as y 0 decreases, the return time reaches its minimal value, t ret = 0.445, at y 0 = 0.81, see trajectory (b) in Figure 6 . As y 0 further decreases, t ret grows and tends to infinity when y 0 approaches 1/√ ⎯ ⎯3 = 0.577, i.e., the center of the recirculation region, where v z = v r = 0. Therefore, the meridional circulation is slow near its center, and only the revolution around the z-axis remains fast. Note that t ret = reaches its minimum, i.e., the circulation is the most speedy in the vicinity of the flow through. Figure 7 also shows that the y 0 interval is wide where t ret is close to its minimum; therefore, the meridional motion is fast in most parts of the circulation region except only in its relatively small central part. Therefore, the hot flue gas circulation is both fast and massive near the flow through that is favorable for efficient heating up the incoming airflow. In addition to this internal circulation, some portion of the exhaust flow can be recycled using an external recirculation, as discussed below. To characterize the external recirculation, we use the recycling coefficient c r = M r ′ /M out ′ , and the recycling ratio r r = M r ′ /M use ′ . In the following calculations, cr is more convenient, while r r is useful for comparison with the literature, e.g., (Tsui et al., 2003) . There are simple conversions between r r and c r : r r = c r /(1 -c r ) and c r = r r /(1 + r r ). We consider M af ′ to be a prescribed quantity defined by a required heat power of the combustor. To the contrary, c r is optional, and we show below that there is a c r value optimal for combustion. To this end, consider the energy balance. For the mixture of the recycling flow (M r ′ ) with the flow of fresh air and fuel (M af ′ ), the energy balance is
EXTERNAL RECIRCULATION
Here, h out , h af , and h mix are enthalpies of the combustion products, incoming airfuel flow, and the resulting mixture, respectively. The relation (6) and the mass balance,
Split the fuel mass flow into two parts:
where M fp ′ and M fm ′ are mass rates of fuel burned in PCC and MCC, respectively. Then, the flow leaving PCC has the enthalpy h in = h mix + c fp E comb = c r h out + (1 -c r )h af + c fp E comb , where E comb is the energy released by combustion per mass unit of the fuel and
is the dimensionless mass of the fuel burned in PCC. The enthalpy in MCC further increases up to
where c fm = M fm ′ /M out ′ is the dimensionless mass of the fuel burned in MCC and c f = c fp + c fm = M f ′ /M out ′ is the total dimensionless mass of the fuel. The efficiency coefficient, C cef < 1, is introduced here to incorporate heat losses in pipelines PCC and MCC. The value of C cef depends on thermal insulation C cef = 1 with ideal insulation (no losses). Resolving (7) with respect to h out results in
In addition to M af ′ , the fuel mass rate M f ′ is also a prescribed quantity. Since
Using thermodynamic data yields T out corresponding to h out .
In the following estimate, we put h = c p T for both the combustion products and air, where c p is the specific heat at constant pressure. To ease calculations, c p is taken to be the same for all combustion components and the flue gas. This simplification allows rewriting (9a) in terms of temperature as
where T chem = E comb /c p . An important characteristic is temperature T in of the gas mixture incoming into MCC. It follows from the above relations that
As an example, let M af ′ = 0.03 kg/s and M f ′ = 0.001 kg/s (typical of the GVE combustor). Then c f0 = 1/30. We take c p = 1100 J/(kg⋅K) and E comb = 47⋅10 6 J/kg; therefore, T chem = 42,730 K. We put the ambient temperature M af ′ = 300 K. Finally, we take C cef = 0.9 and c fp0 = 0. At these values, Figure 9 depicts the dependences of T out and T in on r r .
The reason that T out decreases as cr increase is the following. At prescribed
increases with c r and tends to infinity as c r → 1. The energy loss is proportional to M r ′ resulting in cooling down the working gas. Only at C cef = 1, T out = T af + c f0 T chem T max is c r independent, as it is clear from (9b). For C cef < 1 as c r → 1, T out decreases down to the ambient temperature T af .
In contrast to T out , the dependence of T in on cr is not monotonic. For small c r , T in increases nearly proportional to c r , according to (10). As cr approaches 1, the decrease in T out becomes dominant, T in follows T out , and the difference between T in and T out becomes relatively small. Since combustion is more efficient at large T in (Tsui et al., 2003) , the external recirculation is optimal at c r corresponding to the maximal T in in Figure 9 . The optimal value, c rop , can be found analytically at c fp0 = 0. Differentiating (10) with respect to c r and taking into account that dT in /dc r = 0 at the T in maximum (see Fig. 9 . Only c rop1 has physical meaning, and only when c rop1 is positive. Therefore, the combustion efficiency must exceed C min = (T af /T max ) 1/2 . For example, C min = 0.417 at T af = 300 K and T max = 1724 K. Within the range C min < C cef < 1, the optimal crop value is Figure 10 shows the dependence of c rop and the corresponding values of T out and T in on C cef at T max = 1724 K and c fp0 = 0. Note the fast drop of the quantities in Figure 10 as C cef decreases from 1. Table 1 times that of methane. So that when the mixture passes PCC, M 02in 
Relations (12) and (13) are depicted in Figure 9 by the dot and dash curves, respectively.
TEMPERATURE DISTRIBUTION
To model the temperature distribution in the GVE combustor, we take into account that combustion results in the axial temperature gradient with the lower temperature near the air entrance and the higher temperature near the dead-end wall. In addition, swirl creates the density stratification, which corresponds to the radial temperature gradient, with the lower temperature near the sidewall and the higher temperature near the axis. These axial and radial temperature gradients present in the centrifugal convection as well. Based on this analogy, we apply here the analytical solution (Shtern et al., 2001 )
Here, ε = l -1 (T max -T min )/(T max + T min ), Pr is the Prandtl number, and Re s = v in0 R cc /ν is the swirl Reynolds number.
To calculate ε, we apply the data in Table 1 at C cef = 0.95: T max = 1473 K and T min = T in = 1111 K, corresponding to combustion with the external recirculation of the flue gas. These values and l =1.95 yield ε = 0.072. Because the GVE flow is turbulent, we treat ν as the eddy viscosity and take Pr = 1 and Re s = 68 as an estimate. Substituting these values and neglecting the O(ε Fig. 4 ) is heated while going to the dead-end wall. Then, the flow makes a U-turn near the dead-end wall. The near-axis flow becomes cooler while going down because of heat transfer to the peripheral flow. This temperature distribution is a rough approximation. For more precise modeling of the temperature field, calculation of the combustion dynamics is required, which is our future task.
PRELIMINARY EXPERIMENTAL RESULTS
A proof-of-concept experiment has been fulfilled to see whether the tangential inlet of the airflow of the combustion products indeed improves the combustion process. The lower part of Figure 12 is a photo of the GVE combustor chamber, where the numbers mark the temperature probe locations. The upper part of Figure 12 is a photo of the display, where the temperature values are in degrees Celsius. In this combustion experiment, propane was the fuel. Temperature measurements were made along the combustor axis near the dead end (probe 1), in the middle (probe 2), near the air inlet (probe 3), and in the exhaust tube (probe 4).
The temperature distribution appeared extremely uniform -more uniform than our modeling predicts. The temperature was around 1033 o C. At such a temperature, the combustion time is around 0.001 s (Tsui et al., 2003) . Comparing this combustion time with our estimates for the residence and mixing times -0.021 s and 0.002 s, respectively -shows that there is sufficient time for complete mixing and oxidation in the GVE combustor. The NO x and CO concentrations measured in the exhaust flow were well below the environmental requirements. Thus, the experiment verifies the efficient mixing in the entire interior volume of the GVE combustion chamber resulting in the volume-distributed oxidation and low harmful emission, as the above modeling predicted.
CONCLUSIONS
The developed analytical prediction of velocity and temperature distributions qualitatively agrees with experimental data. The internal circulation region occupies 2/3 of the combustor chamber and thus provides stable volume-distributed
